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 ABSTRACT 
 Dietary cation-anion difference [DCAD = Na + K − 
Cl in mEq/kg of dry matter (DM)] increases DM intake 
(DMI) in cows fed diets containing rapidly degraded 
starch. Increased DMI of diets containing rapidly de-
graded starch could potentially exacerbate subacute 
acidosis. The objective of this study was to determine 
metabolic effects of increasing DCAD in low and high 
starch diets. Six cannulated Holstein cows were blocked 
into 2 groups of 3 cows and assigned to two 3 × 3 Latin 
squares in a split-plot design. Each group received a level 
of concentrate at either 20 or 40% on a DM basis. The 
diet containing 20% concentrate supplied 4% rapidly 
degraded starch, whereas the diet containing 40% con-
centrate supplied 22% rapidly degraded starch. Diets in 
each square were formulated to provide a DCAD of 0, 
150, or 300 mEq/kg of DM. The 3 values were obtained 
by manipulating Na and Cl contents. Increasing the 
proportion of rapidly degraded starch decreased rumen 
pH and the acetate to propionate ratio but did not 
affect digestibility, blood acid-base status, pH of urine, 
and strong ion excretion. Increasing DCAD increased 
DMI, the effect being higher when the cows were fed the 
40% concentrate diet. Increasing DCAD did not affect 
mean ruminal pH, molar proportion of VFA, and fiber 
digestibility; reduced the range of rumen pH decrease 
during the meal in cows fed the 40% concentrate diet; 
and strongly increased blood pH and blood HCO3 con-
centration. Increasing DCAD increased urine pH and 
modified the urinary excretion of minerals. With low 
DCAD, 70% of Cl and only 16% of Na were excreted 
in urine whereas with high DCAD, 33% of Cl and 53% 
of Na were excreted. These results suggest that DMI 
of cows fed diets rich in rapidly degraded starch and 
low DCAD was limited to maintain the blood pH in a 
physiological range. Increasing DCAD allowed the cows 
to increase DMI because of the ability of positive DCAD 
to maintain blood acid-base status. A localized rumen 
buffering effect could not be excluded and could be 
linked with a higher amount of HCO3 recycled into the 
rumen. Main mechanisms involved in regulating blood 
pH might be renal excretion of protons and strong ions 
and renal HCO3 reabsorption. 
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 INTRODUCTION 
 High producing dairy cows are commonly fed di-
ets containing a high proportion of rapidly degraded 
starch. This feeding practice often causes SARA and 
a decrease in DMI, milk yield, and milk fat content, 
which imply economic losses. Subacute ruminal acido-
sis is characterized by a decrease in ruminal pH and an 
increase in VFA production, an increase in propionate 
production (Plaizier et al., 2008), and an alteration in 
ruminal biohydrogenation of dietary polyunsaturated 
fatty acids (Bauman and Griinari, 2003). Besides these 
well-known effects, some results suggest that SARA 
could generate some changes in blood acid-base status. 
Goad et al. (1998) and Brown et al. (2000) have reported 
a decrease in blood pH, blood HCO3 concentration, and 
blood standard base excess (SBE) in grain-challenged 
beef steers, thus showing that an acid load in the rumen 
can deplete HCO3 from the blood. Faverdin et al. (1999) 
have shown that blood HCO3 was negatively correlated 
with the VFA concentration in ruminal fluid. 
 Sodium and K are absorbed from the gastrointestinal 
tract in exchange for the secretion of a proton, whereas 
Cl and S are often absorbed in exchange for the secre-
tion of a bicarbonate ion. Because of these properties, a 
large positive DCAD (defined as mEq of Na + K − Cl 
− S/kg of DM) should assist in preventing metabolic 
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acidosis. An increased DCAD from negative or null to 
highly positive values increases DMI and milk yield 
(Hu and Murphy, 2004; Apper-Bossard et al., 2009). 
Recently, Apper-Bossard et al. (2006) showed that 
high DCAD increases DMI in cows fed diets rich in 
rapidly degraded starch but not in cows fed diets with 
low amount of rapidly degraded starch. Nevertheless, 
the mechanisms involved are not yet well understood. 
In addition to an increase of performance, increasing 
DCAD increases blood pH, blood HCO3 concentration, 
and urinary pH (Hu and Murphy, 2004; Peyraud and 
Apper-Bossard, 2006), suggesting an effect on blood 
acid-base homeostasis. A positive DCAD could also 
alter ruminal fermentation and increase ruminal pH, 
as suggested by Roche et al. (2005). Several results re-
ported in the study of Apper-Bossard et al. (2006) also 
suggest a ruminal buffering effect of positive DCAD. 
The involved mechanisms are confounded by the fact 
that in most of published studies, increased DCAD was 
obtained by manipulating sodium bicarbonate content 
in the diet although sodium bicarbonate is a well-
described ruminal buffer (Erdman, 1988). This study 
aimed to examine the effects of increasing DCAD from 
0 to 300 mEq/kg of DM, manipulating salts other than 
sodium bicarbonate, on blood, ruminal, and urinary 
acid-base regulation in high producing dairy cows fed 
diets with different roughage to concentrate ratios.
MATERIALS AND METHODS
Experimental Design and Cows
The trial was conducted as a split-plot design with 6 
Holstein cows. Cows were assigned to 2 groups of 3 each 
according to parity (1 primiparous and 2 multiparous), 
stage of lactation (74 ± 21 DIM), milk production 
(38.7 ± 7.6 kg/d), milk protein (2.88 ± 0.39%) and fat 
content (3.59 ± 0.47%), and BW (683 ± 38 kg). Each 
group of cows received one of 2 levels of concentrate 
during the experiment. Within each group, cows were 
assigned to 3 planned levels of DCAD according to a 
3 × 3 Latin square design. The trial included a 3-wk 
adaptation period to the basal diet. Each experimental 
period lasted 3 wk.
Each cow was fitted with a large rumen cannula (123 
mm i.d.). They were housed in tie stalls inside an arti-
ficially ventilated barn and were allowed free access to 
water. The cows were milked twice daily at 0700 and 
1730 h and were weighed at the end of each period. To 
control mineral supply, no straw or mineral blocks were 
provided.
Treatments and Feeding
Six diets differing in concentrate and DCAD lev-
els were formulated. The diets were very similar to 
those used by Apper-Bossard et al. (2006). The low 
concentrate (LC) diets consisted of 21% concentrate 
and minerals and 79% corn silage on a DM basis. The 
high concentrate (HC) diets consisted of 41% concen-
trate and minerals and 59% corn silage. The 3 planned 
DCAD levels were low (0 mEq/kg of DM), medium 
(150 mEq/kg of DM), and high (300 mEq/kg of DM). 
The 6 experimental diets were low concentrate with 
low DCAD, low concentrate with medium DCAD, low 
concentrate with high DCAD, high concentrate with 
low DCAD (HCLD), high concentrate with medium 
DCAD, and high concentrate with high DCAD.
Two energy concentrates were formulated to maxi-
mize the difference in rapidly degraded starch between 
the 2 groups of diets. The composition of the 2 concen-
trates was described by Apper-Bossard et al. (2006). 
On DM basis, the concentrate of LC diets contained 
21.5% barley, 44.2% formaldehyde-treated soybean 
meal, 32.3% soybean meal, and 2.0% distillery residues. 
The concentrate of HC diets contained 39.2% wheat, 
20.2% barley, 13.5% formaldehyde-treated soybean, 
13.5% soybean meal, 8.1% dehydrated alfalfa, and 5.5% 
molasses. Dehydrated alfalfa and molasses were added 
to ensure similar DCAD for the 2 diets before adding 
the experimental mineral mixtures.
Differences in DCAD values were achieved by ma-
nipulation of dietary Na and Cl. Two mineral mixtures 
were used to set the medium and high DCAD levels. 
The ingredients of the mineral mixtures are shown in 
Table 1. Sodium bicarbonate was not used. High DCAD 
mineral mixture was achieved by replacing CaCO3 with 
Na2CO3 and Na2HPO4. Low DCAD diets were achieved 
by adding 0.8% of NH4Cl to the medium DCAD diets.
The chemical composition of the 6 diets is given 
in Table 1. For LC and HC diets, the proportions of 
highly fermentable cereals were 3.7 and 22.0% DM, 
respectively, and the proportions of NDF were 35.1 and 
31.3%, respectively. With increasing DCAD, Na content 
increased from 0.20 to 0.50% DM whereas Cl content 
decreased from 1.05 to 0.43% DM and concentrations 
of other minerals were kept constant to ensure that the 
observed effects could be attributed to the manipula-
tion of DCAD. The K, S, Ca, P, and Mg contents aver-
aged 1.13, 0.12, 0.78, 0.33, and 0.20% DM respectively. 
The S content was low because of the corn silage, which 
contained only 0.61 g of S/kg of DM but was the same 
among the 6 diets.
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The diets were formulated to supply similar amounts 
of OM (92.4%), NEL (1.57 MCal/kg of DM), CP 
(14.4% DM), and protein digestible in the small intes-
tine (Institut National de la Recherche Agronomique, 
1989; 95.6 g/kg of DM) to meet energy, protein, Ca, 
and P requirements (Institut National de la Recherche 
Agronomique, 1989). The diets were supplemented 
with urea to cover 105% of the microbial requirements 
of degradable N.
Corn silage, concentrate, and mineral mixtures were 
mixed in 6 different TMR. The cows were fed individu-
ally to ensure ad libitum intake (allowing more than 
10% orts) twice daily at 0700 and 1800 h. The cows 
were housed in tie stalls. No straw or mineral blocks 
were provided to control mineral supply.
Sampling Schedule and Procedure
Feeds, Orts, and Water. Each experimental pe-
riod consisted of 10 d for adaptation to diets and 11 d 
for sample collection. Voluntary DMI was individually 
recorded daily during the experiment. The DM content 
of corn silage was determined (80°C, 48 h) every 3 d 
to adjust the proportion of corn silage in diets. Orts 
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Table 1. Composition and nutrients of experimental diets1 
Item,2 g/100 g of DM unless noted
Treatment3
LCLD LCMD LCHD HCLD HCMD HCHD
Ingredient       
 Corn silage 78.60 79.00 79.00 58.60 59.00 59.00
 Formaldehyde-treated soybean 7.51 7.51 7.51 5.00 5.00 5.00
 Soybean meal 5.49 5.49 5.49 5.00 5.00 5.00
 Wheat — — — 14.50 14.50 14.50
 Barley 3.66 3.66 3.66 7.47 7.47 7.47
 Dehydrated alfalfa — — — 2.99 2.99 2.99
 Distiller residues 0.34 0.34 0.34 — — —
 Molasses — — — 2.04 2.04 2.04
 Urea 0.60 1.00 1.00 0.60 1.00 1.00
 NH4Cl 0.80 — — 0.80 — —
 CaCO3 1.18 1.18 1.42 1.18 1.18 1.42
 NaCl 0.47 0.47 0.32 0.47 0.47 0.32
 MgO 0.09 0.09 0.09 0.09 0.09 0.09
 ZnSO4 0.01 0.01 0.01 0.01 0.01 0.01
 MnSO4 0.01 0.01 0.01 0.01 0.01 0.01
 CaPO4 0.45 0.45 — 0.45 0.45 —
 Na2PO4 — — 0.41 — — 0.41
 Na2CO3 — — 0.60 — — 0.60
 Matrix (corn) 0.78 0.78 0.14 0.78 0.78 0.14
Nutrient       
 OM 92.7 92.0 92.5 92.8 92.1 92.0
 CP 14.5 14.5 14.4 14.2 14.5 14.2
 PDIE, g/kg 97.5 97.7 97.7 96.1 96.3 96.1
 PDIN, g/kg 94.2 96.8 95.8 94.4 94.6 93.6
 NEL, Mcal/kg 1.61 1.63 1.61 1.64 1.64 1.64
 ADF 18.2 18.3 18.2 15.8 15.9 15.8
 NDF 35.0 35.2 35.1 31.2 31.4 31.3
 Starch 31.0 31.1 31.1 35.0 35.2 35.2
 Ca 0.75 0.75 0.76 0.81 0.81 0.82
 P 0.32 0.32 0.32 0.34 0.34 0.34
 Mg 0.20 0.20 0.19 0.20 0.20 0.19
 S 0.11 0.11 0.10 0.11 0.14 0.13
 Na 0.20 0.19 0.50 0.20 0.20 0.51
 K 1.13 1.13 1.12 1.16 1.17 1.16
 Cl 1.02 0.48 0.40 1.07 0.53 0.45
 DCAD 16 169 327 11 149 308
 ED 85 238 391 82 235 389
1Ingredients listed as percentage of total diet DM. Nutrients calculated from analyzed values. 
2PDIE = digestible protein in the small intestine supplied by microbial protein from rumen-fermented OM (Institut National de la Recherche 
Agronomique, 1989); PDIN = digestible protein in the small intestine supplied by microbial protein from rumen-degraded protein (Institut 
National de la Recherche Agronomique, 1989); DCAD expressed as mEq/kg of DM of (Na + K) − (Cl +S); ED = electrolytic difference, ex-
pressed as mEq/kg of DM of Na + K − Cl.
3LCLD = low concentrate and low DCAD (16 mEq/kg of DM); LCMD = low concentrate and medium DCAD (169 mEq/kg of DM); LCHD 
= low concentrate and high DCAD (327 mEq/kg of DM); HCLD = high concentrate and low DCAD (11 mEq/kg of DM); HCMD = high 
concentrate and medium DCAD (149 mEq/kg of DM); HCHD = high concentrate and high DCAD (308 mEq/kg of DM). DCAD expressed as 
mEq/kg of DM (Na + K) − (Cl + S).
were collected and weighed daily before the morning 
feeding. To calculate DMI, the composition of orts was 
assumed to be similar to the offered diet. For chemical 
analyses, oven-dried samples of corn silage were pooled 
over each period, concentrates and mineral mixtures 
were sampled weekly, and the samples were pooled over 
the whole experimental period. Total water consump-
tion was recorded from d 11 to 15. Daily samples (40 
mL) were taken and kept at 4°C. At the end of the 5-d 
collection period, the samples were pooled and stored 
at −20°C until further chemical analysis.
Milk. Milk yield was recorded at each milking. Pro-
tein and fat contents were analyzed by infrared analysis 
(MilkoScan, Foss Electric, Hillerød, Denmark) on indi-
vidual samples collected on 6 successive milkings each 
week. For the mineral balance determination, a milk 
sample was collected from d 11 to 15. Daily samples 
were taken as a fixed proportion of the daily production 
(2%) at each morning and evening milking. The milk 
pH was measured immediately after and samples were 
kept at 4°C. At the end of the 5-d collection period, the 
samples were pooled per cow and frozen at −20°C until 
further chemical analysis.
Feces. For determination of digestibility, daily total 
fresh fecal output was collected separately from urine 
as described by Peyraud et al. (1997) from d 12 to 16 
and was weighed. Daily samples were taken as a fixed 
proportion of the daily excretion (2%) and kept at 4°C. 
At the end of the 5-d collection period, the samples 
were pooled per cow, dried at 72°C for 72 h, and ground 
through a 0.8-mm screen.
Urine. For the mineral balance determination, total 
urinary volume was collected from d 11 to 15. Daily 
samples were taken as a fixed proportion of the daily 
excretion (5%) and kept at 4°C. At the end of the 5-d 
collection period, the samples were pooled per cow. 
Two samples were taken, one unacidified for mineral 
determination and one acidified for urea determina-
tion. Both samples were frozen at −20°C until further 
chemical analysis. To monitor urinary pH, the cows 
were equipped on d 17 with a catheter inserted into 
the bladder and urine was sampled at 0600, 0800, 1200, 
1400, 1600, and 1800 h. Immediately after collection, 
the pH was measured and a 50-mL sample was frozen 
until further chemical analysis.
Ruminal Parameters. Kinetics of ruminal pH, 
total VFA, and NH3 content were monitored on d 18 of 
each period. Rumen fluid (50 mL) was sampled from 
the ventral sac via the cannula using a suction pump 
and a rigid plastic tube at 0600, 0800, 1000, 1200, 
1400, 1600, and 1800 h. At each sampling time, pH was 
measured immediately and the samples were strained 
through 6 layers of cheesecloth. For VFA analysis, 4 
mL of strained rumen fluid was mixed with 0.4 mL of 
5% (vol/vol) orthophosphoric acid containing 1% (wt/
vol) mercury chloride. For ammonia analysis, 4 mL 
of strained rumen fluid was mixed with 4 mL of 20% 
(wt/vol) NaCl. All samples were stored at −20°C until 
analysis.
Blood. Jugular blood was sampled on d 17 of each 
period at 0600, 0800, 1000, 1200, 1400, 1600, and 1800 h 
using 2-mL blood gases syringes (S-Monovette, Sarstedt, 
Nümbrecht, Germany). Blood pH, blood HCO3 concen-
tration, blood CO2 partial pressure (pCO2), SBE, blood 
hemoglobin, and blood minerals (Na, K, Cl, and Ca) 
were immediately determined by potentiometry using 
a blood gases and minerals analyzer (ABL 330, OSM3, 
EML 105, Radiometer, Copenhagen, Denmark).
Chemical Analysis
All dry samples of feed, orts, and feces were ground 
with a 3-blade knife mill through a 0.8-mm screen. Or-
ganic matter content was determined by ashing at 550°C 
for 6 h. Feed N was determined by the Dumas method 
(Association Française de Normalisation, 1985a). Feed 
NDF and ADF were analyzed according to the method 
initially described by Van Soest et al. (1991). Starch 
was determined by Ewers’ polarimetric method (As-
sociation Française de Normalisation, 1985b).
The VFA concentrations were determined by gas 
chromatography as described by Hurtaud et al. (1993). 
Ammonia concentrations were determined by the reac-
tion of Berthelot adapted to an autoanalyzer (Techni-
con, Domont, France; Peyraud et al., 1997).
Minerals (except P, Cl, and S) were measured by 
atomic absorption spectrophotometry (Spectra-AA20, 
Varian, Les Ulis, France). Dry samples of feeds, orts, 
and feces were mineralized at 550°C for Ca and Mg 
and at 500°C for Na and K for 12 h. The ash was acidi-
fied with HCl before analysis. The P concentration was 
measured using the alkalimeter ammonium molybdate 
method (AOAC, 1984). The Cl concentration was de-
termined by potentiometric titration with silver nitrate 
(Compact titrator, Crison, Barcelona, Spain). The S 
concentration was determined by gravimetry after dry-
ing at 525°C with an MgNO3 solution and precipitated 
with a BaCl2 solution. Urinary Na, K, and Ca concen-
trations were analyzed by atomic absorption spectro-
photometry after a 1:200 dilution and a 1:400 dilution 
using distilled water for Na and K, respectively, and 
a 1:20 dilution using a solution containing 5 g/L of 
LaO for Ca. Urinary Cl was analyzed by potentiometric 
titration with silver nitrate after a 1:250 dilution us-
ing distilled water. Water Na and K were analyzed by 
atomic absorption spectrophotometry (Spectra-AA20, 
Varian). Water Cl was analyzed by potentiometric 
titration (Compact titrimeter, Crison). No dilution was 
used for water mineral concentration analysis.
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Statistical Analysis
Balances of energy and protein digestible in the 
small intestine were calculated for each cow during 
each period according to Institut National de la Re-
cherche Agronomique (1989). Intake, milk production 
and composition, BW, digestibility, mean ruminal fluid 
parameters, and blood and urine compositions were 
analyzed using the mixed model procedure of SAS In-
stitute (1990) according to a split-plot design:
Yijkl = μ + Conci + Cj(Conci) + Dk + Pl  
+ DConcki + ConcPil + eijkl,
where Yijkl = the variable studied during the period; μ 
= the overall mean of the population; Conci = the effect 
of the concentrate level i (LC vs. HC; tested against the 
mean square of cow within concentrate group effect); 
Cj(Conci) = the effect of cow j nested by Conci; Dk = the 
effect of DCAD k; Pl = the effect of period l; DConcki = 
the interaction between DCAD and concentrate level; 
ConcPil = the interaction between concentrate and pe-
riod; and eijkl = error associated with each Yijkl.
The sum of squares of the D and DConc effects were 
further partitioned into comparisons with a single de-
gree of freedom to provide linear and quadratic effects 
of DCAD and its interaction with the concentrate level 
using the orthogonal polynomial method (Gill, 1978). 
For kinetic analysis, a similar model was used, includ-
ing a time effect and its interactions with treatments.
RESULTS
Blood Acid-Base Status
The level of concentrate did not affect blood pH, 
concentration of HCO3, and SBE (Table 2). The pCO2 
tended to be greater when the LC diet was fed (P < 
0.10). Increasing DCAD linearly increased blood pH (P 
< 0.01), this increase being greater when the HC diet 
was fed (interaction of DCAD with level of concentrate, 
P < 0.05). Increasing DCAD did not affect pCO2 but 
linearly increased the concentration of HCO3 (P < 
0.01) and SBE (P < 0.01). Standard base excess was 
noticeably negative when the HCLD diet was fed.
Blood pH evolved during the feeding cycle (Figure 1; 
time, P < 0.001). Blood pH decreased after the meal 
before gradually returning to about its original value 
with LC diets but decreased continuously with the 
HC diets (interaction level of concentrate with time, 
P < 0.05). Blood SBE decreased after the beginning of 
the meal (Figure 2) and reached its nadir values more 
rapidly when HC diets were fed (interaction level of 
concentrate with time, P < 0.05). Increasing DCAD 
minimally affected blood pH pattern and scarcely 
affected blood SBE pattern. Blood HCO3 followed a 
similar trend as SBE. Finally, when the HCLD diet was 
fed, SBE was negative and blood pH was the lowest 
at each sampling time. For this diet, blood pH was 
continuously below 7.40.
Intake, Milk Production, and Energy  
and Protein Balances
Concentrate level did not affect DMI (P > 0.10; 
Table 3). Increasing the DCAD level led to a linear 
increase of DMI (P < 0.01), and this effect was greater 
at high than at low levels of concentrate (interaction 
of DCAD with level of concentrate, P < 0.05). Finally, 
DMI was maximal for the high concentrate diet with 
high DCAD.
Milk yield, fat and protein yields, FCM yield, and 
milk fat and protein contents were not affected by con-
Journal of Dairy Science Vol. 93 No. 9, 2010
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Table 2. Effects of DCAD and concentrate level (conc) on mean blood gases 
Item
Treatment1
SEM2
SEM  
conc3
Effect
LCLD LCMD LCHD HCLD HCMD HCHD Conc
DCAD DCAD × conc
Linear Quadratic Linear Quadratic
pH 7.40 7.41 7.43 7.36 7.40 7.44 0.004 0.014 0.369 ≤0.01 0.912 ≤0.05 0.663
pCO2,
4 mm Hg 37.8 40.8 42.1 37.3 39.1 37.5 0.85 0.73 ≤0.10 0.272 0.498 0.447 0.935
HCO3, mmol/L 22.9 25.8 27.5 21.0 23.8 25.3 0.54 0.74 0.224 ≤0.01 0.605 0.596 0.726
SBE,5 mmol/L −1.45 1.39 3.04 −3.71 −0.66 1.23 0.503 0.779 0.229 ≤0.01 0.615 0.421 0.688
1LCLD = low concentrate and low DCAD (16 mEq/kg of DM); LCMD = low concentrate and middle DCAD (169 mEq/kg of DM); LCHD = low 
concentrate and high DCAD (327 mEq/kg of DM); HCLD = high concentrate and low DCAD (11 mEq/kg of DM); HCMD = high concentrate 
and middle DCAD (149 mEq/kg of DM); HCHD = high concentrate and high DCAD (308 mEq/kg of DM). DCAD expressed as mEq/kg of DM 
(Na + K) − (Cl + S). The low concentrate diet contained 20% DM concentrate; the high concentrate diet contained 40% DM concentrate.
2SEM = standard error of the mean of the statistical model.
3SEM conc = standard error of the mean to test the concentrate effect according to a special Fisher test.
4Partial pressure of CO2.
5SBE = standard base excess.
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Figure 1. Effect of increasing DCAD on blood pH according to hours of sampling. Dotted lines: low concentrate diet; solid lines: high con-
centrate diet; : DCAD of 0 mEq/kg of DM; : DCAD of 150 mEq/kg of DM; : DCAD of 300 mEq/kg of DM.
Figure 2. Effect of increasing DCAD on blood standard base excess (SBE) according to hours of sampling. Dotted lines: low concentrate diet; 
solid lines: high concentrate diet; : DCAD of 0 mEq/kg of DM; : DCAD of 150 mEq/kg of DM; : DCAD of 300 mEq/kg of DM.
centrate level. Increasing DCAD linearly increased milk 
yield and milk fat content. The effect of DCAD on milk 
fat content was far greater at high than at low levels 
of concentrate (interaction of DCAD with level of con-
centrate, P < 0.001). Similar trends were observed for 
fat yield and, consequently, FCM yield, although the 
interaction failed to be significant. Increasing DCAD 
did not affect milk protein content.
The energy balance was increased by increasing the 
level of concentrate whereas the protein balance was 
decreased (P < 0.05). Energy balance was increased by 
increasing DCAD, but this effect tended to be greater 
at high than at low levels of concentrate (interaction 
of DCAD with level of concentrate, P < 0.10). Protein 
balance was marginally increased by increasing DCAD 
(P < 0.10).
Ruminal Fermentation Parameters
When cows were fed the HC diets, mean ruminal pH 
decreased (P < 0.01), the ruminal VFA concentration 
was not affected, the molar proportion of acetate tended 
to decrease (P < 0.10), and the molar proportion of 
propionate increased (P < 0.05; Table 4). The HC diets 
also decreased the molar proportion of isoacids and am-
monia (P < 0.05). Increasing DCAD strongly affected 
mean ruminal pH, which tended to be the highest with 
the medium level of DCAD (P < 0.10). Otherwise, 
increasing DCAD did not significantly affect the VFA 
concentration, the molar proportions of each VFA, and 
ammonia concentration.
Large variations in ruminal pH occurred during the 
feeding cycle (time, P < 0.001; Figure 3). When HC 
diets were fed, pH declined more rapidly (interaction of 
level of concentrate with time, P < 0.01). The range of 
pH during the feeding cycle was numerically higher (0.60 
and 0.17 for HC and LC diets, respectively), although 
the difference was not significant (P > 0.10). Increas-
ing DCAD did not significantly affect the pattern of 
ruminal pH and acidity (interaction DCAD with time, 
P > 0.10). However, increasing DCAD led to a linear 
decrease of the range of pH with HC diets but had no 
effect on the range of pH with LC diets (interaction of 
DCAD with level of concentrate, P < 0.05). Similar 
effects of DCAD were observed according to the level of 
concentrate for the range of VFA (Table 4).
Blood Minerals, Urine pH, and Mineral Composition
Blood Na, K, and Ca concentrations were unaffected 
by the level of concentrate and DCAD (Table 5). The 
Cl concentration in blood linearly increased with de-
creasing DCAD (P < 0.01) and consequently increased 
blood ED (P < 0.05).
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Urinary volume and mineral composition were not 
affected by the level of concentrate (Table 6). Urinary 
volume was lowest when cows were fed the middle level 
of DCAD. Increasing DCAD heavily affected mineral 
composition of urine with the exception of K concentra-
tion. Increasing DCAD linearly increased Na concen-
tration and strongly decreased Cl concentration (P < 
0.01). Finally, urinary ED variations reflected DCAD 
variations. No interaction of DCAD with the level of 
concentrate was detected.
Urinary pH was not affected by the level of con-
centrate (Table 6). Increasing DCAD curvilinearly 
increased urinary pH, the effect being far greater be-
tween low to medium level than between medium to 
high level. Urinary pH slightly decreased during the 
feeding cycle (time, P < 0.01), but the range of varia-
tion was less than 0.5 pH units (Figure 4). The pattern 
of urinary pH was not affected by the treatments (time 
by treatment interactions, P > 0.10). Therefore, the 
effects of DCAD on urinary pH were detected at each 
sampling time.
Digestibility and Mineral Balances
Digestibility of DM, OM, CP, NDF, ADF, and starch 
were unaffected by the treatments (Table 7). Supply 
of minerals by water averaged 4.5, 0.3, and 3.2% of 
the amount supplied by the diets for Na, K, and Cl, 
respectively, and this supply was not affected by the 
treatments. The level of concentrate did not affect in-
take, fecal flow, apparent absorption, urinary flow, and 
the amount of milk secretion for Na and K and milk 
concentrations of Na, K, and Cl (Tables 8, 9, and 10). 
Similar results were obtained in the case of Cl with the 
exception of the urinary flow and the apparent absorp-
tion, which were higher when HC diets were fed. The 
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Table 4. Effects of DCAD and concentrate level (conc) on rumen pH, VFA, and ammoniac concentration (mean 12 h after feeding) 
Item
Treatment1
SEM2
SEM  
conc3
Effect
LCLD LCMD LCHD HCLD HCMD HCHD Conc
DCAD DCAD × conc
Linear Quadratic Linear Quadratic
pH 6.20 6.46 6.34 6.02 6.07 6.03 0.043 0.031 ≤0.01 0.158 ≤0.10 0.732 0.907
Range of pH 0.07 0.16 0.29 0.73 0.57 0.49 0.055 0.178 0.116 NS 0.405 ≤0.05 0.568
Total VFA, mmol/L 97.8 91.2 101.5 96.3 99.8 105.8 3.18 2.18 0.117 0.185 0.235 0.559 0.387
Range −6.4 12.4 8.7 25.9 22.4 11.0 3.27 5.80 0.125 NS 0.267 ≤0.05 0.328
VFA, molar %              
 Acetate 57.8 59.0 59.5 55.6 54.6 56.1 1.35 1.12 ≤0.10 0.501 0.328 0.444 0.876
 Propionate 21.8 21.4 20.3 27.8 27.8 25.1 2.65 1.42 ≤0.05 0.268 0.802 0.414 0.988
 Butyrate 14.8 14.4 14.4 12.2 13.0 14.3 0.83 1.02 0.580 0.273 0.895 0.484 0.681
 Isoacids4 2.67 2.73 2.74 2.09 2.05 2.15 0.276 0.098 ≤0.05 0.350 0.815 0.456 0.986
 Minor fatty acids5 2.89 2.50 2.50 2.86 2.58 2.36 0.182 0.955 0.715 0.486 0.623 0.627 0.752
Ammoniac, mg/L 141 110 127 80 117 98 9.1 4.7 ≤0.05 0.912 0.491 0.670 ≤0.10
1LCLD = low concentrate and low DCAD (16 mEq/kg of DM); LCMD = low concentrate and middle DCAD (169 mEq/kg of DM); LCHD = low 
concentrate and high DCAD (327 mEq/kg of DM); HCLD = high concentrate and low DCAD (11 mEq/kg of DM); HCMD = high concentrate 
and middle DCAD (149 mEq/kg of DM); HCHD = high concentrate and high DCAD (308 mEq/kg of DM). DCAD expressed as mEq/kg of DM 
(Na + K) − (Cl + S). The low concentrate diet contained 20% DM concentrate; the high concentrate diet contained 40% DM concentrate.
2SEM = standard error of the mean of the statistical model.
3SEM conc = standard error of the mean to test the concentrate effect according to a special Fisher test.
4Isobutyrate + isovalerate.
5Valerate + caproate.
Figure 3. Effect of increasing DCAD on rumen pH according to 
hours of sampling. Dotted lines: low concentrate diet; solid lines: high 
concentrate diet; : DCAD of 0 mEq/kg of DM; : DCAD of 150 
mEq/kg of DM; : DCAD of 300 mEq/kg of DM.
Na, K, and Cl balances were not affected by the level 
of concentrate.
Increasing DCAD strongly affected Na, K, and Cl 
flows. Intake and fecal and urinary flow of Na did not 
differ from low to medium levels of DCAD and sharply 
increased from medium to high levels of DCAD (P < 
0.01). Increasing DCAD linearly decreased Na apparent 
absorption. Sodium concentration and secretion into 
milk were not affected. Finally, urinary flow averaged 
16, 7, and 62% of apparently absorbed Na for low, me-
dium, and high DCAD. When increasing DCAD, intake 
and urinary flow of Cl strongly decreased between low 
and medium levels of DCAD and were not significantly 
affected between medium to high levels of DCAD. Fecal 
flow was not affected, resulting in a linear decrease of 
Cl apparent absorption when increasing DCAD. Chlo-
rine concentration and secretion into milk tended to 
decrease (P < 0.05 and P < 0.10, respectively). Finally, 
urinary flow averaged 80, 47, and 43% of absorbed Cl 
for low, medium, and high DCAD. Increasing DCAD 
linearly increased intake and fecal flow of K and tended 
to decrease K apparent absorption (P < 0.10). Urinary 
excretion of K was not affected. Potassium concentra-
tion and secretion into milk increased when increasing 
DCAD (P < 0.01). Urinary flow averaged 67% of ab-
sorbed K regardless of the level of DCAD. Balances of 
Na, K, and Cl were not affected by the level of DCAD 
and were close to zero for K and Cl and slightly positive 
for Na.
DISCUSSION
Experimental Conditions
The increase in the proportion of concentrate had 
the objective to create 2 contrasting situations in terms 
of SARA while maintaining a fiber level in the HC 
diets close to or even lower than the commonly ac-
cepted minimum limit for preventing pathological risks 
(Mertens, 1997). Some of the responses indicate that 
the 2 contrasting ruminal conditions were created. The 
decrease in rumen pH accompanied by the decrease of 
acetate and the increase of propionate typically occurs 
during SARA (Plaizier et al., 2008). The decrease of 
rumen pH after the meal was greater with the HC diets 
than with the LC diets. These results clearly suggest 
the HC diet was more rapidly degraded than the LC 
diet. It is generally agreed that SARA occurs in re-
peated periods of pH depressed below 5.8 (Beauchemin 
et al., 2003). This occurred when cows were fed high 
concentrate diets with low and medium DCAD levels.
In cows fed the HCLD diet, blood pH was below 
7.4, blood HCO3 concentration was below 25, and base 
excess was strongly negative at every time of the feed-
ing cycle. These values suggest that the cows experi-
enced a subacute metabolic acidosis (Schotman, 1971). 
Corresponding values were higher in cows fed the low 
concentrate with low DCAD diet. Hence, SARA may 
lead to or worsen metabolic acidosis when diets with 
low or medium DCAD are fed. Some results had previ-
ously suggested that SARA could also decrease blood 
pH, blood HCO3 concentration, and blood base excess. 
Goad et al. (1998) and Brown et al. (2000) have report-
ed a decrease in blood pH, blood HCO3 concentration, 
and blood base excess in grain-challenged beef steers. 
Similarly, in dairy cows, Peyraud (2000) has reported 
a decrease in blood base excess when corn grain was 
replaced by wheat, which is a more rapidly degraded 
starch. The increase of rumen acidity and subsequent 
decrease in blood pH may lead to a greater need for 
blood buffer, which in turn reduces blood pH.
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Table 5. Effects of DCAD and concentrate level (conc) on mean blood mineral concentrations 
Item, mEq/L
Treatment1
SEM2
SEM  
conc3
Effect
LCLD LCMD LCHD HCLD HCMD HCHD Conc
DCAD DCAD × conc
Linear Quadratic Linear Quadratic
Na 139 139 139 139 138 138 0.58 0.19 0.773 0.141 0.117 0.234 0.185
K 3.72 4.01 3.85 3.60 3.45 3.95 0.112 0.226 0.528 0.424 0.941 0.684 0.200
Cl 101.0 98.9 96.6 102.5 98.8 97.7 0.37 0.43 0.226 ≤0.01 0.305 0.891 0.260
Ca 2.64 2.64 2.60 2.67 2.58 2.59 0.02 0.03 0.866 0.471 0.906 0.322 0.482
ED4 41.4 44.1 46.1 40.0 43.0 44.1 0.67 0.69 0.506 ≤0.05 0.807 0.588 0.885
1LCLD = low concentrate and low DCAD (16 mEq/kg of DM); LCMD = low concentrate and middle DCAD (169 mEq/kg of DM); LCHD = low 
concentrate and high DCAD (327 mEq/kg of DM); HCLD = high concentrate and low DCAD (11 mEq/kg of DM); HCMD = high concentrate 
and middle DCAD (149 mEq/kg of DM); HCHD = high concentrate and high DCAD (308 mEq/kg of DM). DCAD expressed as mEq/kg of DM 
(Na + K) − (Cl + S). The low concentrate diet contained 20% DM concentrate; the high concentrate diet contained 40% DM concentrate.
2SEM = standard error of the mean of the statistical model.
3SEM conc = standard error of the mean to test the concentrate effect according to a special Fisher test.
4Electrolyte difference, expressed as mEq/L (Na + K) − Cl.
Increasing DCAD Increased Intake  
and Milk Production
Increasing DCAD linearly increased DMI as de-
scribed previously by Hu and Murphy (2004). The ef-
fect was stronger with the HC diet than with the LC 
diet, as seen in a previous study with cows fed with the 
same diets (Apper-Bossard et al., 2006). Thus, a high 
positive DCAD leads to an increase in DMI especially 
when rapidly degraded starch make up a high propor-
tion of the diet offered to the cows. The response was 
higher in the present study than in our previous trial 
(+4.0 kg of DM/d compared with +1.2 kg of DM/d 
for the HC diet). Although this could be a result of a 
limited number of cows, the blood pH (7.36 vs. 7.45) 
and blood HCO3 concentration (21.0 vs. 27.3 mmol/L) 
were far lower in cows fed the HCLD diet in the present 
experiment compared with the same diet in the previ-
ous study and could have contributed to the stronger 
response on DMI. Tucker et al. (1988a) and West et al. 
(1991) reported high response of DMI to increased level 
of DCAD when blood HCO3 concentration was initially 
low (20 mmol/L), whereas Tucker et al. (1988b) and 
Waterman et al. (1991) reported a low response (less 
than 0.6 kg of DMI/d) for a similar increase in DCAD 
with blood HCO3 concentration initially higher than 26 
mmol/L.
The increase of DMI was accompanied by an increase 
of milk yield irrespective of level of concentrate and 
by an increase of milk fat percentage, especially with 
the HC diet. Theses findings agree with our previous 
results (Apper-Bossard et al., 2006) and data shown by 
Hu and Murphy (2004).
DCAD Modified Blood Acid-Base Balance  
and Contributed to Buffer Ruminal Contents
Increasing DCAD alleviated the decrease in ruminal 
pH when the cows were fed the HC diets. Increases in 
DMI are generally associated with a decrease in mean 
ruminal pH (Robinson et al., 1986). Our data indicate 
that a positive DCAD buffered any potential decrease 
in pH caused by increasing DMI. Ross et al. (1994) 
have previously reported a slight increase of rumen pH 
when increasing DCAD in beef steers. So as not to 
artificially increase ruminal HCO3, the use of NaHCO3 
to modulate DCAD was avoided because it is a well-
described ruminal buffer (Tucker et al., 1988a; Meschy 
et al., 2004). The question now is how increasing DCAD 
with Na2CO3 could have limited the potential decrease 
of rumen pH caused by increasing DCAD with the HC 
diets. First, blood HCO3 concentration and base excess 
increased with increasing DCAD in agreement with the 
data of Hu and Murphy (2004). Such increase could 
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have allowed a larger amount of HCO3 recycling into 
the rumen. Second, Na2CO3, which was used instead 
of NaHCO3, is not considered as a buffer in the rumen 
because of the high pKa of CO3 ions (10.25), but might 
have an alkalogenic effect and temporarily neutralize 
protons (H. Brugère, Unité de Physiologie-Thérapeu-
tique, Ecole Nationale Vétérinaire, Maisons-Alfort, 
France and F. Meschy; unpublished data). Neverthe-
less, neither the digestibility of fiber nor the molar 
proportions of VFA were affected by increasing DCAD. 
Tucker et al. (1988a) did not observe a major effect of 
DCAD on molar proportion of VFA in mid-lactating 
dairy cows. Similar results were reported by Ross et 
al. (1994) for finishing steers. These results tended to 
confirm that the ruminal effects of DCAD remained 
moderate.
Blood pH, HCO3 concentration, and SBE were in-
creased when increasing DCAD both for LC and HC 
diets. These results agree with previous studies (Tucker 
et al., 1988a; West et al., 1992; Hu and Murphy, 2004; 
Apper-Bossard et al., 2006). Besides the moderate ru-
minal buffering effect of DCAD, the improvement in 
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Figure 4. Effect of increasing DCAD on urine pH according to hours of sampling. Dotted lines: low concentrate diet; solid lines: high con-
centrate diet; : DCAD of 0 mEq/kg of DM; : DCAD of 150 mEq/kg of DM; : DCAD of 300 mEq/kg of DM.
Table 7. Effects of DCAD and concentrate level (conc) on digestibility 
Item
Treatment1
SEM2
SEM  
conc3
Effect
LCLD LCMD LCHD HCLD HCMD HCHD Conc
DCAD DCAD × conc
Linear Quadratic Linear Quadratic
DM digestibility 0.720 0.733 0.733 0.752 0.732 0.751 0.006 0.008 0.112 0.405 0.476 0.852 0.127
OM digestibility 0.728 0.740 0.741 0.758 0.739 0.758 0.005 0.009 0.166 0.308 0.354 0.791 0.179
CP digestibility 0.745 0.745 0.741 0.748 0.736 0.725 0.004 0.006 0.323 0.278 0.326 0.741 0.139
NDF digestibility 0.469 0.500 0.501 0.501 0.459 0.505 0.014 0.025 0.911 0.307 0.121 0.840 0.119
ADF digestibility 0.437 0.464 0.458 0.458 0.391 0.473 0.015 0.028 0.693 0.284 0.178 0.284 0.109
Starch digestibility 0.985 0.985 0.986 0.983 0.985 0.981 0.002 0.003 0.786 0.378 0.495 0.653 0.341
1LCLD = low concentrate and low DCAD (16 mEq/kg of DM); LCMD = low concentrate and middle DCAD (169 mEq/kg of DM); LCHD = low 
concentrate and high DCAD (327 mEq/kg of DM); HCLD = high concentrate and low DCAD (11 mEq/kg of DM); HCMD = high concentrate 
and middle DCAD (149 mEq/kg of DM); HCHD = high concentrate and high DCAD (308 mEq/kg of DM). DCAD expressed as mEq/kg of DM 
(Na + K) − (Cl + S). The low concentrate diet contained 20% DM concentrate; the high concentrate diet contained 40% DM concentrate.
2SEM = standard error of the mean of the statistical model.
3SEM conc = standard error of the mean to test the concentrate effect according to a special Fisher test.
the acid-base status of cows could have contributed 
to increased DMI. Low blood pH might be a major 
limiting factor to maximize intake. Increasing DCAD 
might allow the cows to increase DMI while maintain-
ing blood pH around 7.4, thus avoiding a metabolic 
acidosis. Curvilinear responses of DMI and blood acid-
base parameters to increasing levels of DCAD were 
recently described for dairy cows and growing pigs 
(Apper-Bossard et al., 2009). Maximum DMI was 
reached for similar DCAD level in the 2 species. This 
strong similarity observed between responses of the 2 
species strongly suggests a systemic way of action of 
DCAD without excluding a localized buffering effect in 
the rumen. However, we cannot definitively conclude on 
how increasing DCAD increased DMI and milk yield. 
The blood concentration of HCO3 and SBE decreased 
during the meal, thus showing that large quantities of 
HCO3 were used to neutralize acids produced. Blood 
HCO3 was undoubtedly partly recycled into the ru-
men to limit the decrease of the pH and could have 
contributed to neutralize the protons at the metabolic 
level. Indeed, systemic and ruminal effects of DCAD 
are almost impossible to separate.
DCAD Largely Contributed to Regulate  
Blood Acid-Base Balance Through the  
Adaptation of Renal Function
The pH of urine was low when cows were fed low 
DCAD diets, which agrees with previous data (Hu 
and Murphy, 2004; Spanghero, 2004). The excretion of 
protons could be quantified provided the knowledge of 
urinary volume. Urinary excretion of protons averaged 
7.5 μmol for low DCAD diets and 0.1 μmol for high 
DCAD diets. In fact, the urinary excretion of proton 
is the only way for the animal to evacuate nonvolatile 
acids and is a major contributor to the acid-base bal-
ance of the animals (Shapiro et al., 1992; Patience and 
Chaplin, 1997).
Increasing DCAD also contributed to restoring blood 
HCO3 concentration by overcoming limitation to renal 
HCO3 recycling mechanisms. Increasing DCAD in-
creased urinary excretion of Na, both in absolute and 
in relative values. Excretion of Na averaged 4 g/d (i.e., 
11% of intake) for low and middle levels of DCAD and 
60 g/d (i.e., 52% of intake) for high levels of DCAD. 
Because Na is reabsorbed with HCO3 (Block, 1995), 
this result is consistent with an increase of renal HCO3 
recycling when low DCAD was fed. Moreover, Cl uri-
nary excretion increased when low DCAD diets were 
fed. Excretion of Cl averaged 37 g/d (i.e., 34% intake) 
for middle and high levels of DCAD and 152 g/d (71% 
intake) for low level of DCAD. This result should 
reflect an increase of renal HCO3 recycling when low 
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Table 9. Effects of DCAD and concentrate level (conc) on apparent absorption and balances of K (mean 5 d of sample) 
Item, g/d unless noted
Treatment1
SEM2
SEM 
conc3
Effect
LCLD LCMD LCHD HCLD HCMD HCHD Conc
DCAD DCAD × conc
Linear Quadratic Linear Quadratic
Intake 219.8 226.8 238.2 244.0 250.1 276.0 3.48 17.94 0.328 ≤0.01 0.252 0.287 0.467
Water 0.76 0.77 0.77 0.92 0.92 0.92 0.003 0.088 0.297 0.134 0.343 0.639 0.651
Fecal flow 19.8 22.4 29.0 21.6 21.1 35.6 3.27 2.67 0.540 ≤0.10 0.358 0.769 0.545
Apparent absorption 0.911 0.902 0.879 0.916 0.915 0.872 0.013 0.006 0.651 ≤0.10 0.484 0.867 0.679
Urinary flow 157.3 151.6 139.8 129.4 125.7 169.4 8.48 12.32 0.991 0.350 0.117 ≤0.10 0.237
Milk concentration, mEq/L 36.6 38.6 38.4 38.0 40.3 40.9 0.62 2.42 0.828 ≤0.10 0.420 0.235 0.127
Milk secretion 49.2 50.8 55.0 50.2 56.8 59.3 0.80 11.18 0.407 ≤0.01 0.272 0.534 0.846
Balance −5.7 2.7 15.3 43.8 47.4 12.6 12.92 14.32 0.528 0.180 0.209 0.399 0.368
1LCLD = low concentrate and low DCAD (16 mEq/kg of DM); LCMD = low concentrate and middle DCAD (169 mEq/kg of DM); LCHD = low concentrate and high DCAD (327 
mEq/kg of DM); HCLD = high concentrate and low DCAD (11 mEq/kg of DM); HCMD = high concentrate and middle DCAD (149 mEq/kg of DM); HCHD = high concentrate 
and high DCAD (308 mEq/kg of DM). DCAD expressed as mEq/kg of DM (Na + K) − (Cl + S). The low concentrate diet contained 20% DM concentrate; the high concentrate 
diet contained 40% DM concentrate.
2SEM = standard error of the mean of the statistical model.
3SEM conc = standard error of the mean to test the concentrate effect according to a special Fisher test.
Table 10. Effects of DCAD and concentrate level (conc) on apparent absorption and balances of Cl (mean 5 d of sample) 
Item, g/d unless noted
Treatment1
SEM2
SEM  
conc3
Effect
LCLD LCMD LCHD HCLD HCMD HCHD Conc
DCAD DCAD × conc
Linear Quadratic Linear Quadratic
Intake 197.7 96.9 85.6 224.0 114.4 108.0 5.55 10.71 0.217 ≤0.001 ≤0.01 0.797 0.655
Water 3.99 3.99 4.05 4.76 4.80 4.79 0.019 0.457 0.297 0.195 0.923 0.608 0.327
Fecal flow 23.5 22.3 30.2 26.0 22.2 28.5 2.16 2.84 0.941 0.196 0.165 0.385 0.911
Apparent absorption 0.885 0.781 0.660 0.889 0.814 0.748 0.014 0.012 ≤0.10 ≤0.01 0.959 0.125 0.700
Urinary flow 134.4 35.4 14.3 169.9 47.9 52.5 6.47 6.96 ≤0.05 ≤0.001 ≤0.01 0.532 0.422
Milk concentration, mEq/L 34.4 31.3 30.1 30.9 29.7 26.9 0.47 2.73 0.755 ≤0.01 0.861 0.724 0.126
Milk secretion 40.0 36.9 37.7 36.4 37.1 33.6 0.80 5.78 0.289 ≤0.10 0.872 0.820 0.195
Balance 3.9 6.2 7.4 −3.6 12.1 −1.8 5.16 8.50 0.674 0.585 0.594 0.521 0.551
1LCLD = low concentrate and low DCAD (16 mEq/kg of DM); LCMD = low concentrate and middle DCAD (169 mEq/kg of DM); LCHD = low concentrate and high DCAD (327 
mEq/kg of DM); HCLD = high concentrate and low DCAD (11 mEq/kg of DM); HCMD = high concentrate and middle DCAD (149 mEq/kg of DM); HCHD = high concentrate 
and high DCAD (308 mEq/kg of DM). DCAD expressed as mEq/kg of DM (Na + K) − (Cl + S). The low concentrate diet contained 20% DM concentrate; the high concentrate 
diet contained 40% DM concentrate.
2SEM = standard error of the mean of the statistical model.
3SEM conc = standard error of the mean to test the concentrate effect according to a special Fisher test.
DCAD diets were fed because Cl and HCO3 are freely 
exchanged in the renal tubule to maintain electroneu-
trality (Shapiro et al., 1992).
All these results indicate that cows engaged several 
mechanisms to avoid a decrease of blood HCO3 con-
centration when low DCAD diets were fed and they 
confirm the importance of the kidney in regulating the 
blood acid-base homeostasis. However, these mecha-
nisms appeared to have reached their limits when cows 
were fed low DCAD diets, resulting in a decrease in pH 
and HCO3 concentration. It thus seems that increasing 
DCAD contributed to overcome the saturation of the 
renal mechanisms for saving HCO3.
Urinary pH rapidly decreased when DCAD decreased 
below 150 mEq/kg of DM and reached a plateau for 
high DCAD levels, which agrees with other results (Hu 
and Murphy, 2004; Apper-Bossard et al., 2009). The 
present experiment provides supplementary informa-
tion. First, urinary pH was not significantly affected 
by the level of concentrate, highlighting that it is not 
a good indicator of ruminal acidosis. Conversely, uri-
nary pH was correlated to blood pH for the 6 diets (r 
= 0.86), meaning that it may be a good indicator of 
systemic metabolic acidosis. Second, urinary pH was 
rather constant during the day, making urinary pH 
easy to use as an indicator of metabolic acidosis.
Blood concentration of minerals did not vary with 
the noticeable exception of Cl concentration, which 
increased with decreasing DCAD. Concentrations of Cl 
and HCO3 were highly correlated for the 6 diets ([HCO3] 
= 124.2 − 1.00 [Cl]; r = 0.94), thus showing that Cl is 
the main mineral involved in HCO3 regulations. When 
low DCAD diets were fed, the massive absorption of Cl 
reduced blood HCO3 concentration, thus activating the 
renal HCO3 reabsorption mechanism. Other work also 
highlighted this major role of Cl. Tucker et al. (1988a) 
reported a decrease in blood Cl concentration using Na, 
K, or Cl to vary DCAD.
Regulation of Mineral Balance
It is generally assumed that there is not significant 
Na, K, and Cl storage in the cow. Our results were 
in agreement with this assumption. Indeed, Cl and K 
balances were not different from 0, although high vari-
ability remained for K. Only Na balance was positive 
and averaged 21.6 g/d. However, we did not take into 
account the cutaneous losses of Na and K, which are 
highly variable (Johnson, 1970) and can represent up 
to 25% of intake (Rai et al., 1981). Variations of DCAD 
and DMI resulted in large variations of mineral intake, 
especially for Na and Cl. Thus, excretion of strong ions 
should vary to maintain the mineral balance around 
0. This study compared the relative importance of 
the different route of mineral excretion. Secretion of 
Cl in milk increased when cows were fed low DCAD 
(+4 g/d when Cl intake increased by more than 110 
g/d). Conversely, milk Na concentration did not vary 
with DCAD. These findings agree with our previous 
experiment (Apper-Bossard et al., 2006) and show that 
milk secretion could eliminate only a small amount of 
dietary Cl.
Apparent absorption of Na (0.88) and K (0.90) were 
higher than apparent absorption of Cl (0.79), confirm-
ing findings that were previously observed (Delaquis 
and Block, 1995). Apparent absorption of Na decreased 
with increasing DCAD, but the outcome of this de-
crease was only an increase in fecal flow. The fecal flow 
increased by 16 g/d, representing less than 22% of the 
extra amount of Na intake with high DCAD. Apparent 
absorption of Cl decreased with increasing DCAD, and 
Cl fecal excretion was not affected. In the same way, 
Delaquis and Block (1995) did not report significant 
variation in fecal flow of strong ions in dairy cows fed 
with different DCAD. Therefore, fecal excretion was 
not the main mechanism involved to regulate mineral 
balance.
Urinary excretion of Na and Cl were highly correlated 
to Na and Cl intake, respectively (r = 0.99), and were 
large. This agrees with other data reported in mid-lac-
tating dairy cows (Waterman et al., 1991; West et al., 
1991) and in peripartum cows (Spanghero, 2004). The 
relationship between urinary flow and intake of miner-
als were linear for both Na and Cl. Urinary excretion 
of Na increased by 0.75 g/g increase in Na intake and 
urinary excretion of Cl increased by 1.00 g/g increase in 
Cl intake. These results highlight the importance of the 
kidney for regulating the mineral balance of the cows.
CONCLUSIONS
This experiment confirms that low DCAD does not 
allow high producing dairy cows to maximize intake, 
particularly when they are fed diets rich in rapidly de-
graded starch. Dietary cation-anion differences largely 
contribute to the blood acid-base regulation mainly 
through the adaptation of renal functions. When low 
DCAD diets are fed, the renal mechanisms (acid excre-
tion, HCO3 reabsorption) to avoid dramatic decrease of 
blood HCO3 are not sufficient, resulting in a low blood 
pH and HCO3 concentration. In this case, increasing 
DCAD allows the cow’s metabolism to overcome the 
saturation of the renal mechanisms for saving HCO3 
and directly contributes to increase blood bicarbonate 
concentration. Blood HCO3 is then undoubtedly partly 
recycled into the rumen to limit the decrease of the 
pH. It can also contribute to neutralize the protons at 
the metabolic level. Indeed, it remains a challenge for 
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DCAD work to be able to separate ruminal effects from 
systemic effects.
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